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Abstract—The information-theoretically (unconditionally) se-
cure Kirchhoff-law-Johnson-noise (KLLJN) bit exchange protocol
uses two identical resistor pairs with high (H) and low (L)
resistance values, driven by Gaussian noise generators emulating
Johnson noise with a high common temperature. The resulting
mean-square noise voltage on the wire connecting Alice and
Bob has three levels: low (L/L), intermediate (H/L or L/H),
and high (H/H), and secure key sharing is achieved at the
intermediate level (L/H or H/L). This paper introduces the
Flip-KLJN scheme, where a pre-agreed intermediate level, such
as H/L, triggers a flip of the bit map value during the bit
exchange period. For Eve, the bit map flips appear random.
Thus, the formerly discarded H/H and L/L situations can also
have a pre-agreed bit value mapping, which flips together with
the original bit mapping. Thus, Flip-KLJN doubles the key rate
and ensures that all three levels on the wire are indistinguishable
for Eve. Bit error probabilities are addressed through analytic
calculations and computer simulations.

Index Terms—Thermal noise communication (TherCom),
Kirchhoff-law-Johnson-noise (KLJN), bit error probability
(BER), key expansion, unconditionally secure.

I. INTRODUCTION

HE advent of next-generation communication systems

represents a critical shift in the landscape of wire-
less communications. This shift is necessitated by emerging
demands for heightened security [1], [2], enhanced energy
efficiency [3], improved spectral efficiency and latency, and
increased stealth in various scenarios. One of the key 6G
technologies relevant to these needs is encrypted communica-
tion, ensuring that sensitive information remains confidential
and protected from unauthorized access [4]. Effective key
generation methods provide robust protection against eaves-
dropping and cyberattacks. The importance of secure key
generation continues to grow with the expanding complexity
of communication networks.

Recent research underscores RSA encryption’s vulnerabil-
ity to quantum computers. A Chinese team recently used
a quantum computer to break RSA-2048 for 22-bit keys,
showing that future advances in quantum hardware could
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threaten larger keys [5]. This highlights the need for quantum-
resistant cryptography and secure alternatives like Quantum
Key Distribution (QKD), which uses quantum mechanics to
provide secure keys. However, QKD’s high cost and scalability
issues limit its adoption. In contrast, KLIN schemes are low-
cost and robust for short-range applications [6], and can be
demonstrated for various use cases [7].

In this context, key generation with thermal noise emerges
as a compelling alternative to current technologies, effectively
addressing security and vulnerability requirements. Thermal
noise, an inherent characteristic of electronic circuits, signif-
icantly impacts the performance of communication systems.
It arises from the random vibration of charge carriers within
circuit conductors, and its intensity is directly proportional to
the device’s temperature, resistance, and bandwidth [8]. It is a
ubiquitous phenomenon in communication systems, affecting
the performance of data transmission and reception, such as
the bit error rate (BER) and signal-to-noise ratio (SNR). To
mitigate the impact of thermal noise in communication sys-
tems, various techniques are employed, including increasing
transmission power, utilizing low-noise amplifiers, narrowing
system bandwidth, implementing robust modulation schemes
[9], [10], applying error-correcting codes, deploying high-
gain directional antennas, and maintaining precise temperature
control.

Unlike conventional methods, [11] leverages inherent back-
ground noise, which traditionally impedes communication,
to its advantage. This innovative method, which uses two
different resistances to create distinct noise spectra, is par-
ticularly advantageous in scenarios where conventional trans-
mission power is limited or the security and undetectability
of communication are paramount. Advancing this concept
further, Kirchhoff-Law-Johnson-(like)-Noise (KLJIN) secure
key exchange scheme using the thermal noises of two pairs
of resistors is proposed in [12], [13] to achieve uncondi-
tionally secure communication by utilizing the Kirchhoff’s
law. The KLJIN loop requires Gaussian noise sources; thus,
non-Gaussian noise types does not establish the loop [8].
In [14], the authors focused on the practical applications of
KLJN communicators at several distances and data rates, and
highlighted that the information leakage in the KLJN com-
municators is comparatively less significant than in quantum
communication systems. Furthermore, it has been established
that the use of Johnson-like noise, whether naturally generated
or externally produced, is essential for secure key exchange
in KLJN systems [15]. The study of [16] introduced seven
new variants of the KLIN secure key exchange scheme, which
provide enhanced security in non-ideal conditions. The study
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of [17] also examined the KLJN secure bit exchange scheme
by proposing two new detectors using voltage and current mea-
surements to reduce BER. A closed-form expression for the bit
error probability (BEP) in a thermal noise modulation-based
wireless communication system using a maximum likelihood
(ML) detector is derived in [18], along with the calculation
of the detector’s optimal threshold value. Moreover, taking
inspirations from KLJN designs, the study of [19] proposed
alternative noise modulation designs, exploiting non-coherent
detection and time diversity by using noise variance for digital
communication. Additionally, noise-based signaling has been
extended to support multiple access through noise-domain
non-orthogonal multiple access (ND-NOMA), which enables
uplink and downlink multiuser communication by modulating
mean and variance, without complex detection methods [20].

The KLJIN design uses thermal noise generated by two
resistors, one from Alice and the other from Bob. Each party,
Alice and Bob, possesses two resistors: a low resistance “L”
and a high resistance “H”. They randomly select one resistor
to connect to a common wire for secure key exchange [12],
[13]. This configuration produces three possible noise levels
on the line: low (L/L), high (H/H), and intermediate (H/L
or L/H). For instance, L/ H indicates that Alice uses a low re-
sistor while Bob uses a high resistor. Although Eve can detect
this intermediate noise level, the specific resistances remain
undetectable, ensuring unconditional security. However, Eve
can decipher the signal if the noise level is either low or high,
rendering these noise levels insecure. Alice and Bob estimate
the noise power on the line to determine each other’s resistor
and generate the key bit O if the resistors are L/H, and the
key bit 1 if the resistors are H/L, rejecting the L/L and H/H
cases to avoid generating insecure key bits. As a result, half
of the bits are discarded, as they do not contribute to key
generation in the L/L and H/H cases, but only in the L/H
and H/L cases. To address this, the “Flip-KLIN” design is
proposed to ensure unconditional security regardless of the
noise level. This new design shares some similarities with
the enhanced KLJN variant presented in [16], as both aim to
further confuse Eve by manipulating bit mappings. However,
in Flip-KLIJIN, bit interpretations are randomly updated during
one of the intermediate noise level case, eliminating the need
for a prior key. This approach ensures that even L/L and H/H
cases can confuse Eve, achieving unconditional security for all
bit combinations while doubling the key rate.

In light of these, the primary contributions of this article

can be outlined as follows:

e We propose a novel design called Flip-KLJN. In this
design, the resistor pair mapping is flipped systematically
based on the generated bits, and this reversal is done
under specific conditions that a potential eavesdropper
cannot detect. This approach confuses eavesdroppers and
ensures unconditional security comparable to quantum
secrecy for all of the noise levels.

o The proposed design doubles the key rate of the KLIN
secure bit exchange scheme by purposefully injecting a
controlled element of unpredictability into the communi-
cation process. This enhancement stems from the inherent
feature of Flip-KLJN, where all transmitted bits achieve

a state of absolute security and remain undetectable
by potential eavesdroppers. In contrast, classical KLJN
only ensures the security of 50% of transmitted bits,
emphasizing the innovative and effective role of the
Flip-KLJN algorithm in key expansion. Moreover, the
proposed design neither enhances nor reduces security,
maintaining the same security level as the classical KLIN
design.

o The proposed design can also be utilized for two-way
secure data transfer. In this configuration, two entities can
simultaneously communicate by both receiving and trans-
mitting information bits. However, to ensure security, the
bits must be scrambled using a randomization algorithm.
This approach makes the eavesdropper (Eve) unable to
decode the transmitted bits by observing patterns in noise
levels, even if she knows the randomization algorithm, as
she will still be unable to correctly interpret the data.

o The proposed design is integrated into various detectors
in order to reduce the BER difference between the Flip-
KLIN and KLJN designs. This strategic integration ef-
fectively lessens the chance of error propagation, leading
to a more balanced and improved BER performance.

o In addition to elaborative and detailed theoretical BER
calculations of the proposed design, we provide a valu-
able contribution by conducting comprehensive computer
simulations. This approach not only strengthens the cred-
ibility of the proposed design but also facilitates a more
nuanced assessment of its performance under varying
conditions.

This article is structured as follows. Section II provides a
brief overview of the variants of KLIN secure bit exchange
design and enhanced KLJIN detectors. Section III explains the
Flip-KLIN design in more detail. Section IV presents the
system model of the proposed design and theoretical BER
calculations. Section V contains our numerical results, and
Section VI concludes the paper.

II. ENHANCED VARIANTS AND DETECTORS OF
CLASSICAL KLJN SECURE BIT EXCHANGE SCHEME

In this section, we provide a brief overview some of the
enhanced variants of classical KLIN secure bit exchange
scheme and some detectors using joint voltage and current
measurements.

A. Enhanced Variants of KLIN

1) Intelligent KLIN (iKLJN) Scheme: The iKLIN system
allows Alice and Bob to use a shorter KLIN clock period by
utilizing their knowledge of their own resistor values and the
stochastic time functions of their own noise. By subtracting
their own noise contributions, they generate reduced channel
noise that does not contain their own noise components,
helping them to better determine the correct resistance value
at the other end. This approach reduces Eve’s ability to gather
statistics within the limited time window.

2) Multiple KLIN (MKLJN) Scheme: In the MKLJN sys-
tem, Alice and Bob have publicly known identical sets of
different resistors that are randomly chosen and connected
to the line. The bit interpretation of the different resistor
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combinations is defined in a publicly known truth table. This
scheme requires Eve to identify the actual resistor values at
both ends accurately, which is more challenging and results in
enhanced security.

3) Keyed KLIN (KKLJN) Scheme: The KKLIJN scheme
shares a time-dependent truth table for bit interpretation using
a previously shared secure key. This method ensures that even
if Eve guesses the current key, the security of subsequent keys
remains high. Eve must know the former key to understand
the bit interpretations of the resistor situations, making it
significantly harder for her to compromise the key exchange
process, which progressively reduces her information about
the new key [16].

The performance of enhanced KLJN variants is not exten-
sively studied, but existing work indicates their performances
are similar to the classical scheme. Thus, our comparison
results are expected to extend to these variants as well.

B. Enhanced KLIN Detectors

Due to the Second Law of Thermodynamics and the Gaus-
sian nature of the noises, where the cross-correlation between
two Gaussian processes with zero mean is zero, resulting
in statistical independence, the current on the wire can be
utilized as supplementary information for bit detection while
the voltage measurement is also being used.

Leveraging this, a joint voltage and current measurement-
based detector is proposed in [21]. This approach selects the
cumulative measurement output with the smallest associated
error, utilizing the fact that the voltage-based method exhibits
minimum error probability in scenarios where the current-
based method has maximum error probability, and vice versa.

In [17], the author thoroughly examines the theoretical
BER calculations for the KLIN secure bit exchange scheme
proposed in [12], [13]. The author also introduces two new
KLJIN detectors that utilize samples from both voltage and
current noise waveforms. One of these detectors smartly
raises an error flag when the decisions about voltage and
current bits do not match. It is important to note that this
detector is similar to the one proposed in [21], and we call
this detector as joint voltage-current detector (JVCD) in this
paper. Moving to the other detector, it goes a step further by
recognizing the prevalent error events for voltage and current
measurements. Consequently, this detector enables Alice and
Bob to select the types of measurements they make based
on their individual resistors. Specifically, if Alice’s (or Bob’s)
resistor is L, the detector prioritizes current measurements.
Conversely, if the resistor is H, voltage measurements take
precedence. This decision is based on the recognition that the
occurrence likelihood of L/L <> L/H (Alice’s/Bob’s resistor)
and H/L < H/H error events is lower for current and
voltage measurements, respectively. These detectors signifi-
cantly enhance the robustness of communication, leading to a
considerable drop in the BER.

ITI. FLIP-KLJN SCHEME

Similar to the classical KLJN, our proposed design involves
two communicating entities, namely Alice and Bob. They

TABLE I
NOISE POWER AND EVE’S DECISION BASED ON THE RESISTOR-BIT
MAPPING
Bits Resist.or .
State (Alice/Bob) (11;’{;[;%1(1)% ) Noise Power
0/0 L/L Low
Normal 0/1 L/H Medium
State 1/0 H/L Medium
1/1 H/H High
0/0 H/H High
Flip 0/1 H/L Medium
State 1/0 L/H Medium
1/1 L/L Low

select the resistors randomly and connect them to a wire
channel during each transmission interval with the help of a
switch. If both Alice and Bob possess the resistor L, the noise
level in the wire will be relatively low. Conversely, if they
both possess the resistor H, the noise level in the wire will be
comparatively high. The security of the bit exchange process
is based on the distinguishability of the resistors at both
ends; when they are different, an intermediate mean-square
noise voltage level appears on the line. Despite the potential
detection of this intermediate noise level by an eavesdropper
(Eve), the resistors of Alice and Bob remain undetectable. This
lack of comprehension ensures an unconditional security level
comparable to quantum secrecy. Conversely, Eve can decipher
the signal’s content if the noise level on the wire is non-
intermediate, i.e., when both Alice and Bob selects L or H,
resulting in low or high noise levels, respectively. Thus, the
traditional KLJN scheme discards these insecure bits, leading
to a significantly reduced key rate. To address this limitation
and the inherent vulnerability associated with high and low
noise levels, we propose a novel approach called Flip-KLIN,
which ensures unconditional security for key generation even
when the noise level is non-intermediate. It is important to note
that Flip-KLJN is not more secure than the KLJN scheme, as
KLIN already discards non-secure bits. Instead, Flip-KLIN
extends the key length by using the discarded bits in KLIN
and remains equally resilient to the potential attacks [22]-[24].

To clarify the explanations and the theoretical calculations
for this system, we map the resistors used by Alice and
Bob to specific bit values. It is important to note that these
bit values are not information bits; they remain random for
key generation. This mapping is solely for associating the
resistors with corresponding bit values. Additionally, after the
key transmission is completed, Alice and Bob can use Alice’s
random bits to establish a fully secure common key. The
mapping is illustrated in Table I for clarity.

As depicted in Table I, there are two states: the “Normal”
state and the “Flip” state. In the Normal state, Alice and Bob
map the resistors as follows: L to bit 0 and H to bit 1. In the
Flip state, the mapping is reversed: H to bit 0 and L to bit 1.
They switch between these states simultaneously when Alice’s
and Bob’s random bits are 1/0, respectively. Regardless of
whether they are in the Flip or Normal state, the noise level
on the wire remains intermediate. Specifically, in the Normal
state, 1/0 corresponds to H/L, and in the Flip state, 1/0
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corresponds to L/H. This ensures that Eve cannot detect the
state switching, as it occurs at the intermediate noise level.
Consequently, the low and high noise power cases are fully
secure, as Eve cannot determine whether Alice and Bob are
using L/L or H/H since she is unaware of their current state.
It is important to remember that in the classical KLIN scheme,
Eve does not attempt to estimate the bits when the noise power
is low or high, as these insecure bits are discarded by Alice
and Bob. Given that Eve is aware of the proposed scheme, she
may attempt to estimate the bits even when the noise power
on the wire is low or high, knowing that key bits can still be
generated in this case.

The switching process is illustrated in Fig. 1, where Alice’s
random bits are depicted in blue, while Bob’s random bits are
shown in green. If 1/0 is observed in the current bit duration,
the state switching operation takes place in the subsequent bit
duration. As an illustration, when the random bits are 0/0 and
1/1, the noise levels are low and high, respectively, in the
Normal state. However, in the Flip state, this arrangement is
reversed, with noise levels being high for 0/0 and low for 1/1.
The noise level consistently remains at an intermediate level
when transmitting the random bits 0/1 or 1/0. This is because,
in both cases, resistors L and H are utilized individually at
the terminals, maintaining an intermediate noise level. After
a while, when the random bits are 1/0, Alice and Bob return
back to their previous state, where they stay at this state until
the bits become 1/0 again.

The proposed design extends the key length by a fac-
tor of two compared to the classical KLIN. On the other
hand, the Flip-KLIN design exhibits a slightly inferior BER
performance compared to the KLIJN detector in [17]. This
discrepancy arises from the probability of erroneous detection
on one of the terminals, resulting in failure to execute state
switching when necessary, thereby leading to error propagation
due to state mismatch. Fortunately, the natural resilience of
the proposed design corrects error propagation approximately
every two bits, providing a very strong framework. Further-
more, compared to the classical KLIN design, the proposed
design does not require a significantly more complex circuit.

Eve

X
"33

It only necessitates a basic, low-cost decision circuit to de-
termine whether the flipping operation occurs while all other
components, as well as the synchronization process, remain
identical to those in the classical KLIN system.

Bob

Representation of the noise levels in Normal State and Flip State of Flip-KLJN scheme and transition of states.

IV. SYSTEM MODEL AND PERFORMANCE ANALYSIS

Our proposed design entails two communicating terminals
connected with a wire, namely Alice and Bob, each having
two resistors. Initially, they select a low-valued resistor, L, or
a high-valued resistor, H, based on the random bits (b4 and
bp for Alice and Bob, respectively) and subsequently connect
them to a wire channel during each transmission interval with
the assistance of a switch. The connection of two resistors
causes three possible thermal noise level on the wire, which
are modeled as white Gaussian noise process with a mean of
0 and variance of % € {03,,03,,0%,} where 03, 0;, and
o3, holds for the noise power on the wire when Alice/Bob
uses L/L, L/H or H/L, and H/H, respectively, and defined
as follows [17]:

R.R;
2 = 4kT A
900 R, + R, fs
RLR
2 gL A
J01 R + Ry f
RuRy
2 = 4kT A 1
011 Ry + Ry fs (1)

where k is the Boltzmann’s constant, which is 1.38 x 10~23
joules per Kelvin, T is the temperature in Kelvin, Af is the
bandwidth in Hz, and R; and Ry are the resistance values
for L and H, respectively.

We now define 62, which is the estimated voltage variance
by Alice and Bob. It is calculated by taking N samples from
the wire and expressed as

| N
= Dt )
k=1
where 3, ~ N(0,0%) represents the kth independent noise
sample. One can easily observe that E[62] = o2, where E[]
stands for the expectation. In an ideal scenario, &2 follows
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Fig. 2. Decision tree for Alice’s detection mechanism.
a chi-square distribution. However, the central limit theorem TABLE II
(CLT) ensures that for sufficiently large N, 6% approximates SELF-CORRECTION OF THE STATE MISMATCHES
a Gaussian distribution as 5%~ J\/ (gQ, 204 /N). Due 10 Preer T Rondom — T
its high skewness, the chi-square distribution converges to State Bits ESIStOrs |y, Jdg | da/bs State
X K . R Alice/Bob
a Gaussian more slowly than symmetric distributions [25]. S54/SB | ba/bs Sa/Se
Nonetheless, for the proposed design, N > 50 may provide N/F 0/0 L/H 0/1 1/0 /N
a reasonable approximation. We establish two thresholds to N/ T 1/1 H/L 1/0 o1 77
determine whether 62 lies closer to the three specified noise ; ;x (l]é(l) il//}LI (l)f(l) (1)?(1] 9;;?
variances in (1), defined as v; = 803, and 72 = koj,. Here,

[ and k represent certain constants, determined numerically to
optimize the BER, as deriving an analytical solution is not the
focus of this paper (1 and ¢ are the JVCD counterparts [17]). It
is worth noting that 03, < v1 < 02, < 72 < 0%;. Here, we de-
fine « = Ry /Ry, and it follows that 03, = (2a/(1+a))od,s

oty = aogy, and 1 < f < 2% <k < a.

Each selection of resistor pairs results in different noise
variances on the wire, consequently affecting 62 as well.
Decisions are based on &2, 71, and 7. However, the most
influential factor is the states of Alice and Bob in the Flip-
KLIJIN design, as the mapping of resistances to bits changes
frequently. Initially, bit O and bit 1 are represented by selecting
resistances L and R, respectively, defining the state known as
the Normal State (A). After several bit durations, Alice and
Bob apply a reversal mapping to their resistances, as shown
in Table I. This reversal is triggered by the transmission of a
predefined random bit pair, b4 /bp = 1/0, which switches the
system to the Flip State (¥ ), where H now corresponds to bit 0
and L to bit 1. Conversely, the state transitions back to A( if the
prior state was F. Both Alice’s and Bob’s states (S4 and Sg)
are flipped for subsequent bits after b4 /bp = 1/0. When the
flipping operation occurs, 02 may be altered due to the flipped
resistances. In this context, Eve remains unaware of when the
switching operation transpires because both b4 /bp = 1/0 and
ba/bp = 0/1 produce an intermediate noise level, preventing
Eve from accurately decoding the bits in these cases. This
causes Eve to make decoding errors both when b4 and bp are
identical and when they are different.

Alice’s decision tree mechanism is presented in Fig. 2,
where Bob also has the same one. The mechanism operates
such that, by knowing the current state and the random bit,
Alice has a priori knowledge about the expected voltage
variance on the wire. If L is used, which is the case when
Sais N\ and by = 0, or when S4 = F and by = 1), the
estimated variance is compared to the threshold ~;. If the
estimated variance is smaller, it is concluded that Bob used

L; otherwise, Bob used H. Similarly, if H is used (when
Sa = N and by = 1, or when S, = F and by = 0),
the estimated variance is compared to the threshold ~s. If the
estimated variance is smaller, it is deduced that Bob used L;
otherwise, Bob used H. Finally, knowing the resistance Bob
used and Sp, Alice can determine Bob’s bit, as both Alice
and Bob change their states synchronously.

Sa flips when bs/dp = 1/0; similarly, Sp flips when
da/bp = 1/0, where d4 and dp are Alice’s detected bit by
Bob and Bob’s detected bit by Alice, respectively. In cases
where Alice or Bob make an erroneous detection and mistak-
enly interpret b4 /bp = 1/0, the one who made the incorrect
detection remains in their current state, while the other’s state
changes. This discrepancy between their states arises due to
the mismatch caused by the erroneous detection. This state
disparity introduces the potential for error propagation, where
a single-bit error may lead to an average of two subsequent
bit errors. The reason for this is that their states only realign
when their random bits are 0/0 or 1/1 (0.5 probability) under
specific conditions, as illustrated in Table II. These mismatch
cases and their probabilities are carefully examined in the
following subsection.

A. Probabilities of Mismatched States

We define the probability of mismatches between S4 and
Sp as follows. There are four possible mismatch scenarios: a
transition to a mismatched state, either from A /A, or F /¥,
to AL/F or F/AL. The probability of mismatch, P,,,,, can be
calculated as

+P(Sa/Sp=F/F — N/F)
+P(54/Sp = N/N — F/N)
(

+P(Sa/Se =F|F = F/N)), 3)
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These terms are subsequently multiplied by two due to the
probability of error propagation, which continues until the
bits reach bs/bp = 0/0 or ba/bp = 1/1 as stated in
Table II. Considering that the bits are equally probable,
and the likelihood of encountering bs/bp = 0/0 or 1/1 is
0.5x 0.5+ 0.5 x 0.5 = 0.5, it implies an average duration of
two bits for self-correction to occur.

Table III provides insight into all potential outcomes for
transmitted and detected bits under varying state conditions,
along with explanations for their validity. For instance, in the
first row of the table, where S4/Sp = A /N — N/F, it
signifies that both Alice and Bob’s previous state is A_. When
ba/bp = 0/0 and S4/Sp = N /N, we would typically
anticipate 62 < ~1. However, if both Alice and Bob estimate
%2 > v, Alice will decide dg = 1 and Bob will decide
da = 1. In this scenario, while bsy/dg = 0/1 and S,
remains unchanged, b /d4 = 1/0 causes Sp to flip. Decisions
highlighted in red indicate invalid outcomes, whereas those
not highlighted are deemed valid. The reasoning behind their
validity or invalidity is clarified in the last column. For
example, decisions such as dg/ds = 0/0 or dg/da = 1/0
are considered invalid because Sp cannot flip if d4 = 0, as
Sp only flips when d 4 /bg = 1/0. Similarly, dg/da = 0/1 is
not a feasible detection where 62 does not remain consistent
for both Alice and Bob, as 62 < 7, for Alice and 62 > ~;
for Bob cannot occur simultaneously.

In state transition cases, only two possible detections exist.
For instance, in the first state transition case in the table,
when by /bp = 0/0 and da/dp = 1/1, it is considered a
valid detection because 62 > ~; for both Alice and Bob.
The corresponding probabilities in the table are defined as
pia = p1g = P(6? > 71) in this case. Two possible detec-
tions exist for all four state transition cases. These detection
cases will be further defined and calculated in the following
subsections.

We note that different previous states are not accounted for,
as we focus on determining the probability of transitioning to
the case of mismatch while the states are the same on both
sides. Below, we sequentially define and compute these four
probabilities.

1) Calculation of P(Sa/Sp = N/N — N/F): We
define this probability as the likelihood of a transition from
Sa/Sp =N /N to A[/F, which can be calculated as follows:

P(S4/Sp =N /N — N/F) =
P(dp/da =1/1|ba/bp = 0/0 & SK™ /SE™ = A(/N
xP(ba/bp = 0/0)P(SH/Sh™ = A /N
+P(dp/da = 1/1|ba/bp = 1/0 & SK™/SE = A(/N
xP(ba/bp = 1/0)P(SY/SB = a(/A(),
where P(ba/bp = 0/0) = P(ba/bp = 1/0) = 0.25. Noting

that S%*" and S should be the same and can be either
N or F, P(SHT/SEY = A(/A() = 0.5. Substituting these

TABLE III
RANDOM BITS AND THE POSSIBLE DECISIONS MADE BY ALICE AND BOB
DURING INCONSISTENT STATE TRANSITIONS

State Bits Decision
Transition Valid (v') or Invalid (X)
spev 5 | ba | bp | dp| da
0 0 |XP(das = 0|Sp changes) =0
0 0 0 1 [XP@G2<y)NP@G2>y)=0
Sa/Sp 1 0 |[XP(da = 0|Sp changes) =0
= 1 1 |Vpianpig >0
A/ 0 1 - XP(bp = 1|Sp changes) =0
Ni/f 0 | 0 [xP(dg =0]S4 holds) =0
S, holds 0 | 1 |xP(dg =0]S4 holds) =0
<SB changes) 1 0 1 0 |[XP(da = 0|Sp changes) =0
1 1 |Vp2aNp2p >0
1 1 - XP(bp = 1|Sp changes) =0
0 0 - XP(by = 0|S4 changes) =0
0 1 - XP(by = 0|S4 changes) =0
Sa/Sp 0| 0 |Vpsanpsp >0
= 0 | 1 |XP(da=1|Sp holds) =0
NiN ! 0 1 0 |XP(dp = 1|S4 changes) =0
FIN 1 1 [XP(dp = 1]|S4 changes) =0
(SA changeS> 0 0 |vVpsaNpsp >0
Sp holds 0 | 1 [xP©62<~)nP@E2>)=0
: ! 1 0 |[XP(dp = 1|S4 changes) =0
1 1 |XP(dp = 1|Sa changes) =0
0 0 - XP(bs = 0S4 changes) =0
0 1 - XP(bs = 0S4 changes) =0
S4/Sp 0 | 0 [/psanpsp >0
= 0 | 1 |xP(ds=1|Sp holds) =0
Ti? : 0 1 0 [XP(dp =1|Sa changes) =0
N/ F 1 1 |XP(dp = 1|Sa changes) =0
(SA changes) 0 0 |VpaanNpsp >0
Sl el 0 | 1 [xP©62>v)nP@E2<m)=0
: : 1 0 |XP(dp =1|Sa changes) =0
1 1 |XP(dp = 1|Sa changes) =0
0 0 |[XP(da = 0|Sp changes) =0
0 1 [XP(6%>v)NP62 <vy)=0
S 0 0 1 0 |XP(dag = 0|Sp changes) =0
= 1 1 |VpraNprp >0
FIF 0 1 - XP(bp = 1|Sp changes) = 0
9—}9\[ 0 0 |XP(da = 0|Sp changes) =0
S holds 0 1 |XP(dp =0|S4 holds) =0
<SB cmnges) ! 0 1 0 |XP(dag = 0|Sp changes) =0
1 1 |VpsaNpsp >0
1 1 - XP(bp = 1|Sp changes) =0
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probability values in (4) and calling the others p; and po,
respectively, we obtain

P(Sa/Sp =N/N — N/F) =0.125(p1 +p2). (5

p1 and po are calculated by further defining p; 4 and p;p as
the probabilities that Alice and Bob make the decision stated
in p;, respectively, where ¢ € {1,2,...,8} and p; = p;ANP;B.
These probabilities are shown in Fig. 3. The probabilities p; 4
and p;p can be obtained to find p; as

p1a=P(dp =1]ba/bp =0/0& S5 /SE™ = A /N\()

= P(6% > 1), (6)
15 = P(da =1]ba/bp = 0/0 & SF™/SE™ = A/()
:P(A2>’}/1). (N

In this scenario, when b4 /b = 0/0 and S5 /SE = A /A,
which corresponds (6), it follows that 02 = o3, and dp may
equal 1 solely if Alice estimates 62 > ~;. Similarly, in (7),
da can equal 1 only if Bob estimates 62 > ;. Since the
intersection of these possibilities is again 6% > ~;, p; can be
calculated as

. i
pr=panpe=P@E%>n)=Q =20 ) (3
V2050/N
On the other hand, psp corresponds to a larger measurement
interval than po4. We define these two probabilities as

= P(6% > ). )

Here, 02 = 03, since ba/bp = 1/0, and the value of dp
may equal 1 only if Alice estimates 62 > ~y,. Similarly, d
can equal 1 solely if Bob estimates 62 > ;. Given that these
scenarios intersect exclusively within the interval 62 > Y2
where vy, > v;, we proceed to calculate py as follows:

2
Y2~ 0

. (10
«/2031/1\7) (10

2) Calculation of P(Sa/Sp = F/F — N/F): The
probability of a transition from S4/Sg = F/F to A[/F can
be calculated as follows:

P(Sa/Sp=F|F = N/F) =

p2 = poa Npap = P(62 >’Y2)Q<

P(dp/da=0/0|ba/bp =1/0 & SN /S = F/F)
xP(ba/bp = 1/0)P(ST"/S%" = F/7)

+P(dp/da =0/0|ba/bp =1/1 & ST /SE" = F/7)
xP(ba/bp = 1/1)P(SH" /SE = 5[/(53’)

where P(ba/bp = 1/1) = 0.25 and P(S*'/SE" = 7 /F) =
0.5. Thus, (11) becomes as follows:
P(Sa/Sp =F/F = N/F) =0.125(p3 +ps),  (12)

Similar approach in (8) and (10) is used to calculate p3 and
P4 as

2
) 2 — 0
ps = p3a Npsp = P(6? >W’2)=Q<w>7

V203, /N

) (13)
A 71— 0go
=pgan = P(6% > = |
P4 = Ppaa N pap ( M) =0Q (W)
where p;4 and p;p values for ¢ € {3,...,8} are given in the

Appendix.

3) Calculation of P(Sa/Sp = N/N — F/N): The
likelihood of a transition from S4/Sp = A /A to F /N can
be calculated as follows:

P(Sa/Sp =N/N — F/N) =
P(dp/da=0/0|ba/bp =1/0 & S5 /SB = A /2()
xP(ba/bp = 1/0)P(SH™/SE™ = A/
+P(dp/da =0/0|ba/bp =1/1 & SN /SE™ = A /A)

xP(ba/bp = 1/1)P(S%" /S5 = AL /N).
(14)

Similar approaches in the previous calculation of the condi-
tional probability can be applied to further simplify (14) as

P(SA/SB - N/N — T/N) = 0.125(p5 +p6)’ (15)
where,
2 J—
(16)

2
011 — 72

V201 /N )

4) Calculation of P(Sa/Sg = F/F — F/N): The
probability of a transition from S4/Sg = F/F to F /N can
be computed as follows:

D6 = Pea Npep = P(67 <W’2):Q<

P(Sa/Sp=F/F = F/N) =

P(dp/da=1/1]ba/bp =0/0 & SN /S%™ = F /F)
xP(ba/bp = 0/0)P(SH™/SE™ = F /)

+P(dp/da =1/1|bajbp =1/0 & SK*/SE" = F/F)
xP(ba/bp =1/0)P(SK™/SEY = 7 /7).

(17)

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Communications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TCOMM.2025.3585508

PiB

2

2 2 2 2
Ooo M1 Oo1 2 a1y T50 Y1 Op1 72 o1

PaB

2 2 2 2
o "1 0ot 72 T To0 M 01 72 [

-

|

I

2 2 2 2 2
900 M 901 72 11 To0 71 T 72 o1

2 2 2
T00 M 901 72 11

2 2 2
000 M 901 72 a11

Fig. 3. Demonstration of p; = p;a N p;B.

Considering similar simplifications in the previous case, (17)
becomes

P(Sa/Sp=F/F — F/N) = 0.125(p7 + ps), (18)
where,
2
_ A — P62 < _ 911 — 72 7
pr =praNprB (6% < 72) Q( 20T N
(19)

‘7(2)1 -Nn
\/2031/N

To summarize, all the p; values are represented as follows:

R — o}
p1=P4=P(02>’Yl)=Q<u>,

V203,/N

ps =psa Npsp = P(6° <) = Q(

P(AQ > ) Q 72— 081
= = g fr— —_— s
P2 =p3 V2 2031/N
(20)
081 -—MN

01
2 —
11

Eventually, we derive the overall mismatch probability (P,,,,)
by substituting (5), (12), (15) and (18) in (3) as

Pom =0.25(p1 + pa + p3 + pa + ps + pe + pr + ps)

=0.5(p1 + p2 + s + ps)

=0.5

2
71— Ogo 72 00 21)
Qoo )y om)
V205,/N V205, /N
2 2
01 — N 11 — 72
Q) g T
<\/208‘1/N> <\/2a‘1*1/N>]
Let us simplify this term by normalizing all these terms with
respect to the smallest one, 03,. Recalling that v, = Bod,,

Yo = kody, 08 = (2a/(1 + a))ody, and 03, = aody, (21)
becomes

g1 k- (%)
P’"m:‘)‘ﬂ‘?(ﬂ/_fv)w((ﬁ—z)m)

) ol

B. Theoretical BEP of Flip-KLIN Scheme
We define the total BEP of the Flip-KLIN scheme as

(22)

Pb:Pmmemm-i-Pmem, (23)

where Pymm, P,,, and Py~ hold for the BEP in mismatch,
probability of a match, and the BEP in the match. Here, we
note that Pymm = 1 because Alice and Bob will make wrong
decisions if their states do not match and P,,, = 1 — P,,,,,, with
the rule of sum. Moreover, P, is already explained in detail
and calculated in [17] as

Py :0.25[@(%) +Q<(E—°‘;)(\1;T}/_)N>
(i) ol

As seen from (22) and (24), P,y = 2Pym. In the light of
these, the overall BEP is obtained as follows:

(24)

Py = 3Py — 2(Pym )?. (25)

V. NUMERICAL RESULTS

In this section, we present our extensive computer simula-
tions, comparing the BER performances of our proposed Flip-
KLIJN, Flip-KLJN with JVCD, classical KLJN, and classical
KLJN with JVCD schemes. We assume o = 10, unless stated
otherwise. The values for 3, k, , and £ that optimize the BER
are determined through computer simulations.
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Fig. 4. BER performances for different KLIN schemes and varying V.

In Fig. 4, we present the BER performance for both the
KLIJIN and Flip-KLJN schemes. Both demonstrates a reduction
in BER with an increase in the number of samples N,
indicating enhanced performance with larger sample sizes at
either Alice’s or Bob’s end. However, a slight disparity exists
between these designs due to error propagation, as stated
earlier. It is noteworthy that error propagation typically ceases
after an average of four bits upon the initial mismatch between
states. To address this performance gap, the JVCD [17], [21]
is employed to mitigate bit errors and reduce occurrences of
mismatch. The Flip-KLIN JVCD and KLIN JVCD schemes
notably exhibit substantially lower BERs compared to other
schemes that does not have this enhanced detector, particularly
at higher N values, signifying superior error reduction perfor-
mance. The results underscore the advantages of employing
the JVCD. Moreover, to achieve the same BER for Flip-KLIN
JVCD as KLIN JVCD, we need to increase N by a factor of
approximately 1.7. For example, KLIN JVCD with N = 25
achieves nearly the same BER as Flip-KLIN JVCD with
N = 40, so N should be increased by a factor of 40/25 = 1.6.
Similarly, KLIN JVCD with N = 45 and Flip-KLIN JVCD
with N = 75 show a similar BER, requiring an increase factor
of 75/45 = 1.7. This increment in N will slightly reduce the
effective key rate, but since the Flip-KLIN scheme already
doubles the key rate, the proposed design still achieves a
higher key rate overall. Additionally, after N = 75, BER falls
below 105, which is sufficiently low for most applications
[26], making further increases in N unnecessary. Furthermore,
it is evident from Fig. 4 that our theoretical calculations and
simulation results are consistent.

Increasing o may be another solution to address the per-
formance gap between Flip-KLJN JVCD and KLIN JVCD
schemes. The computer simulation results are presented in
Fig. 5 for both designs with JVCD using different « values.
One can observe that nearly the same BER can be achieved
if « is increased by 2, 3, and 5 for the Flip-KLIN JVCD
scheme when the KLIN JVCD scheme has « values of 5,
6, and 7, respectively. Notably, this increment in o becomes
more significant when the KLJN JVCD scheme uses larger

10° —— T T T T T
—=— KLJN JVCD (a =5)
10-1 —&— KLJN JVCD (o = 6)
—#—KLJN JVCD (o =T) 3
—&— Flip-KLJN JVCD (a=7)
10-2 —%— Flip- KLIN JVCD (& = 9)
—%— Flip KLIN JVCD (o = 12)

1073
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1074

107°

1076

100

T T T T T T T

Flip-KLJN
(N = 100)
KLJN E

—®— (N = 100)
Flip-KLJN
(N = 200)
KLJN
(N = 200) 4
Flip-KLIN JVCD [4
(N = 100)
Flip-KLJN JVCD
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KLJN JVCD

(v =100
KLJN JVCD E
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BER
=
9

! ! ! ! ! ! !
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Fig. 6. BER performances for different KLIN schemes and varying o.

values of a. However, it is also worth noting that increasing
o to match the exact BER of the KLJN JVCD scheme may
not be necessary if the BER drops below 1076, This low
BER performance can easily be achieved with o > 10 and
N > 100, which are generally practical values for real-life
implementations [21], [26].

In Fig. 6, we highlight the impact of the parameter o on
the BER for both schemes at N = 100 and N = 200. As
« increases, the BER decreases for all schemes, indicating
improved performance. On the other hand, increasing « in-
troduces several parasitic effects and affect system stability.
Excessive o amplifies high-frequency components, making
the system more vulnerable to parasitic capacitance and in-
ductance, which distort signals and degrade performance. If
artificial noise generators are used, higher « increases signal
energy, requiring more power. Moreover, for both Flip-KLJN
and KLJN schemes, increasing the number of samples from
100 to 200 significantly reduces the BER. The schemes
utilizing the JVCD detector exhibit notably lower BERs.
Additionally, we observe that the performance gap between
KLJIN JVCD and Flip-KLIN JVCD schemes diminishes as NV
increases. Error floors are also examined for designs without
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Fig. 7. The BER performance of the KLJN JVCD and Flip-KLIN JVCD
schemes under various average SNR values:

JVCD schemes due to statistical decision errors, and these
error floors decrease to values below 10710 with the help of
JVCD [21].

The BER performance of the Flip-KLJN JVCD and KLJN
JVCD schemes under varying average SNR conditions is
presented in Fig. 7. In this analysis, the average signal power is
defined as the mean of the three possible noise variance levels
in the KLJN loop. The calculation uses practical physical
parameters: Boltzmann constant k¥ = 1.38 x 10723 J/K, temper-
ature 7' = 300K, bandwidth B = 10% Hz, and R;, = 1000 ).
As previously mentioned, the JVCD detector utilizes both
voltage and current measurements, and measurement noise
is added to both signal types during sampling. The BER
decreases with increasing SNR, indicating improved signal
detection in the presence of reduced measurement noise. While
the Flip-KLJN JVCD scheme initially exhibits a higher BER
than KLIJN JVCD scheme due to potential error propagation
introduced by the flipping operation, this drawback can be
mitigated by increasing the resistance ratio .. As shown in Fig.
7, larger values of « significantly improve BER performance
by enhancing the distinguishability between different noise
levels, thereby improving robustness against measurement
noise.

The percentage of discarded bits for the Flip-KLIN JVCD
and KLJN JVCD schemes is illustrated in Fig. 8. In the KLJN
JVCD scheme, a substantial portion of bits are discarded
either due to insecure noise power combinations or mismatches
between voltage and current estimations. In contrast, the Flip-
KLIJN JVCD scheme significantly reduces the number of
discarded bits, as all noise power levels are utilized securely.
As the SNR increases, the percentage of discarded bits in the
Flip-KLIN JVCD scheme decreases rapidly, stabilizing below
10% beyond 16 dB. This demonstrates the Flip-KLIN JVCD
scheme’s capability to maintain a higher effective key rate
while preserving the same level of security.

It is also evident from Fig. 8 that the discarded bit percent-
age in the KLJN JVCD design reaches its minimum value at
around 10 dB, whereas the Flip-KLJN JVCD design reaches

100 —
— Flip KLJN JVCD (o = 8)
90 - —Flip KLIN JVCD (o =9) ||
sol — Flip KLIN JVCD (a = 10)| |
—KLJN JVCD (o = 5)

Discarded bit %
g

0\\\\
0 2 4 6 8

10 12 14 16 18 20 22 24 26 28 30
Average SNR (dB)

Fig. 8. The percentage of the discarded bits of the KLIN JVCD and Flip-
KLIN JVCD schemes under various average SNR values:

its minimum at approximately 16 dB. Although the Flip-KLJN
JVCD scheme requires a slightly higher SNR to reach optimal
performance, this does not present a significant drawback. For
instance, at an average SNR of 10 dB, the Flip-KLIN JVCD
scheme discards approximately 30% of the bits, compared
to about 55% in the KLIN JVCD design. Given that the
Flip-KLJN JVCD scheme effectively doubles the key rate, it
still achieves superior overall performance. However, when
the average SNR falls below 10 dB, both schemes become
ineffective due to the high rate of discarded bits.

VI. CONCLUSION

In conclusion, this paper has introduced the innovative Flip-
KLIJN design as a strategic solution to the limitations of con-
ventional KLJN schemes in using insecure bits. The proposed
approach confounds potential eavesdroppers by systematically
inverting resistances during key generation, achieving uncon-
ditional security resembling quantum secrecy. The primary
contributions of this work include the development of the
Flip-KLJN design, its integration with various detectors to
mitigate BER discrepancies, and an increased key rate. Our
results demonstrated that the key rate can be expanded by a
factor of two compared to the classical KLLJN. Looking ahead,
future research may explore the generalization of communi-
cation schemes with multiple resistors, establish information-
theoretical bounds on data rate and secrecy capacity, address
practical challenges such as wire resistance and sampling
imperfections, generate key books for added unconditional
security, employment of colored noise, and development of
coding schemes to enhance error performance. Most impor-
tantly, the proposed scheme may enable two-way secure data
transfer, where both entities simultaneously send and receive
bits by using randomization algorithms for their information
bits in the future.
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APPENDIX
CALCULATION OF p; 4 AND p;g FOR ALL VALUES OF i

p3a and p3p in (13) can be calculated as

p3a=P(dp =0]ba/bp =1/0& SN /ST =7/7)
(U > 1),
P(d =0|ba/bp =1/0& SN /SE" = F/F)
= P(6° > 72).

(26)
Moreover, py4 and pyp in (13) is computed as

PaA :P(dB =0 | bA/bB = 1/1&55{6‘//526\,:?/7)

P(6% > ),
P(dA =0|ba/bp =1/1& S5 /S%" = F/F)
P(02 > ’}/1)
27)
psa and psp in (16) can be defined as
PsaA = P( 5=0]ba/bp =1/0& SN /SE" = A /N\)
P(6% < 72),
DsB = P(d =0]ba/bp =1/0& SH*/SEY = A /N)
P( < ’}/1).
(28)
pea and pgp in (16) is calculated as
DeA = P(dB =0|ba/bp =1/1& SN /SE" = A/N)
P(6% < 72),
PeB = P(dA =0]|ba/bp =1/1& SK/SEY = A /N)
P(O’2 < ’)/2)
(29)

pra and prp in (19) can be computed as

pra = P(dp=1]ba/bp =0/0& SH"/SB" = 7 /%)
P(6% < 72),

= P(d =1|ba/bp =0/0& SN /SE" = F/F)
= P(6% < 72).

(30)
Lastly, pg4 and pgp in (19) is computed as

- p( p=1]ba/bp=1/0& SN/S%" = F/¥)

P(6* <m),
b = Plda = 1| ba b = 1/0 & ST /ST = 7 7)
P( < ’}/2)
(31
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